By making use of the increasing number of available mitogenomes we propose a novel population genetic distance metric, named Shared Haplogroup Distance (SHD). Unlike F ST , SHD is a true mathematical distance that complies with all metric axioms, which enables our new algorithm (MITOMIX) to detect population-level admixture based on SHD minimum optimization. In order to demonstrate the effectiveness of our methodology we analyzed the relation of 62 modern and 25 ancient Eurasian human populations, and compared our results with the most widely used F ST calculation. We also sequenced and performed an in-depth analysis of 272 modern Hungarian mtDNA 
The evolution of new mutations on the mitochondrial phylogenetic tree and their subsequent spreading takes many generations. Each new mutation in the mtDNA genome is prone to fixation, thereby giving rise to a new sub-branch on the phylotree, which can only happen at the geographical region where its parent mtDNA haplotype had already been prevalent. Because of geographical and cultural barriers the intra-population genetic mixture is obviously greater than inter-population genetic mixture, thus the emergence of new mtDNA haplogroups are initially always population specific, and unless migration occurs, they are confined to distinct geo-locations. The most recent mtDNA subhaplogroups, appearing as "leaves" on the mitochondrial tree are necessarily less frequent then their progenitor lineages, and thus they are more population specific and provide even better geo-location due to the shorter duration of time available for their migration and admixture. Nevertheless population genetic processes like selection and genetic drift may eventually spread younger lineages at the expense of their progenitors. As older mt Hgs arose thousands of years earlier, they can be present on a more extensive geographical range due to migration and admixture; consequently, they are usually less localization-and population-specific in comparison to their descendant lineages. Despite their more extensive spreading, even older mt Hgs show a good correlation with larger geographical areas (continents), which is well-illustrated by the phylogenetic confirmation of the "Out of Africa" model [4, 5] . Experimental data indicate that fixation of new mutations is a very slow process, often requiring thousands of years [6] whereas on this timescale human migration and admixture can be considerable.
For example the Migration Period of Europe in the middle of the first millennium AD or the colonization of America by White and Afro-American people happened in such a short time span, during which mtDNA sequence evolution is negligible. Thus considering the mitochondrial clock for such short periods of time, the mt Hg distribution of populations primarily reflects their admixture times and locations on the two dimensional surface of the Earth and their independent dynamics, each geo-location is expected to have a unique mt Hg frequency distribution. For the same reason each population can be characterized by a unique subset of the currently known few thousand mt Hgs carried by their individuals in a population specific distribution. It can be postulated that this unique distribution could be used to track population histories in space and time, if sufficient data are available from different periods and locations. As all mt Hgs originated from a single progenitor, shared mt Hgs between two populations can only stem from common ancestors or population admixture, and the ratio of shared mt Hg lineages in admixing populations can be indicative of admixture ratios. Based on these considerations we introduce a new method for calculating population genetic distance called Shared Haplogroup Distance (SHD). From the mt Hg distribution of admixed populations their admixture history can be theoretically reconstructed with our new algorithm called MITOMIX, which estimates the best hypothetical admixture ratios based on SHD global minimum optimization in order to explain the observed mt Hg distributions of any studied population.
In order to highlight the usefulness of our newly proposed method we compared SHD and F ST using our compiled database consisting of 62 modern and 25 archaic Eurasian human populations from which full length mt genome is currently available. Furthermore, we provide a detailed analysis of the genetic makeup of the modern Hungarians using 272 modern Hungarian mtDNA genomes.
Results

SHD calculation from mitochondrial haplogroup frequencies
The mitochondria can be viewed as a single polymorphic haploid locus which is inherited without recombination from mother to offspring. Due to the genesis and population dynamics of mt Hgs in space and time each of the geo-locations and populations can be characterized by a unique subset and distribution of mt Hgs and that shared mt Hgs indicate shared population history.
Let us assume that there are n mt Hgs. Let xi, and yi denote the frequency of the -ℎ haplogroup in populations and , respectively. We will identify the populations with their mt Hg distributions, thus the two populations will be denoted by : = ( 1 , 2 , . . . , ) and : = ( 1 , 2 , . . . , ), respectively.
We can regard the two populations as random variables, in which case the chance that a random individual selected from population belongs to haplogroup will be = ( = ); the probability of the random variable taking the value .
To calculate the mitochondrial Shared Haplogroup Distance of two populations from the differences between their mt Hg frequency distributions we introduce the following formula:
Proof: Observe that
The second equality follows analogously and the third is a trivial consequence of the first two:
Thus SHD values of admixing populations perfectly represent their common gene pool and admixture ratios.
MITOMIX: calculation of the best fitting admixture for a given population In other words we are looking for those coefficients 1 , . . . , for which the proportional combination of the 1 , . . . , populations yields the closest SHD value to population .
To compute all possible combinations and proportions of k populations in order to find the best fitting admixtures with the smallest SHD values from a test population we implemented a finite software solution. The software is implemented to use multiple threads to speed up calculations on multicore CPU systems. The output file for each analyzed population is a tab separated file thatbesides the pairwise best fit population and the corresponding SHD value -also contains an ordered list of SHD values with the corresponding population names and admix percentages, which are integers between the range of 1-100.
Evolution of the mtDNA tree: haplogroup frequency shift
From an inheritance perspective, the mitochondrial genome can be viewed as a single hypervariable haploid locus, since all of the variants are inherited together (100% linkage) from mother to offspring. As mutation can happen at any mtDNA position and there is no recombination, these aspects hold additional information not available for autosomal traits. From the observed combinations of mutations their consecutive appearance in time can be deducted, which is used to build the mtDNA tree. The mtDNA tree is not static, on a large enough time scale new mutations are fixated giving rise to new "leaves" on the tree, which can expand and spread in the population. When a new mt Hg appears in a noticeable fraction in a given population (gets fixated), by definition the frequency of the other mt Hgs decrease, as the sum of all mt Hg frequencies always equals 1. This phenomenon is detected in time as an mt Hg frequency shift, because part of the individuals of the population will carry the newly fixated mt Hg at the expense of other mt Hgs in the same population ( Fig. 1) . It cannot be ignored that on longer time scales sequence evolution inevitably alters the mt Hg distribution of populations, which shall bias SHD calculations. The steady decrease and loss of ancient progenitor mt Hgs in time could mask evolutionary distant relations either between ancient and modern or long isolated modern populations, in which case this effect has to be considered. The good correlation between the distribution of archaic and recent mt Hg frequencies indicates that the random population dynamic effects are less pronounced on widespread, older, multicultural mt Hgs which carried by the majority and a standard correction could be applied that reverses the observed distribution shift.
Reversing Hg frequency shift to correct mtDNA haplogroup frequencies in time
Reversing the mt Hg frequency shift should theoretically result in more accurate estimates of paired distances between modern and archaic populations. Besides, this correction should also improve the distance measurement between modern populations, since it would consider some relation between progeny and progenitor lineages, and thereby revealing evolutionary distant population relations, which are otherwise not detected.
Comparison of available Eurasian recent and ancient mt Hg distributions reveal that the past ~8000 years of sequence evolution has shifted the majority mt Hgs approximately two sub-branches towards the "leaves" on the mtDNA tree ( Fig. 1 
where F COEFF is an experimental value, representing a constant fixation coefficient. Starting from present day, the dataset can be iterated step-by-step for each generation backwards using the above formulas and for each population originating from newer or spanning dates with the iteration step's date. As a result, at each iteration step a fraction of ancestral mt Hgs is added to the mt Hg pool of the populations at the expense of their progeny lineages.
mt Hg frequency shift correction of populations
To assess the time dependence of mt Hg distribution shift a representative number of mt Hgs are required that originate from similarly dated archaic populations. Since the number of available archaic mitogenomes is restricted, we attempted to balance between the number and age similarity of archaic samples to achieve these criteria. Therefore for this calculation we excluded Paleolithic, Armenian Iron
Age and Hungarian Conqueror samples from the dataset, as their population age largely deviated from other archaic populations. Using an iterative approach we transformed the mt Hg distribution of our modern populations and reversed the mt Hg shift to the average population age of our selected archaic populations back to 8000 years ago, and the corrected mt Hg distributions were used throughout the experiments. Experimentally we determined the best fitting coefficient (F COEFF =0.000125) which corrected modern mt Hg distribution to best match the mt Hg distribution of available archaic populations ( Fig. 2 ). To illustrate the effect of the mt Hg shift correction at the level of individual populations we compared the original and corrected mt Hg frequency data (Supplementary Table 2 ) in a subset of selected modern and archaic populations. We visualized the age distribution of the original and corrected mt Hgs (Fig. 3 ). 
Effect of sample size on SHD calculations
The exact SHD value can only be calculated from complete population data; however in practice from most populations just more or less representative numbers of samples are available. Thus, the calculated SHD value is inevitably distorted by sampling bias, the extent of which depends on the number of samples and the mt Hg diversity of the population. We calculated the inverse Simpson index
[9] representing the mt Hg diversity for each studied population (Supplementary Table 3 Theoretically representative sampling of populations with high Hg diversity -where mt Hg count is comparable to sample count-requires a larger sample set than that of less diverse populations. In order to assess the effect of sample size on SHD calculation, we performed a Monte Carlo simulation [10] on experimental data. For this analysis a highly diverse (Italian), a moderately diverse (Danish) and a less diverse (Japanese) population had been selected from our compiled population database.
Two subsets of samples (without replacement) were randomized 1000 times from each population and the average SHD values between the two subsets were calculated for different sample sizes (Fig. 4) . Table 3 ). We also implemented this Monte Carlo simulation method in the software package.
SHD and F ST calculations from experimental data
Using our mitogenome database assembled from available data we calculated the SHD matrix of all modern and archaic Eurasian populations (Supplementary Table 4) , and then from this distance matrix, we created a hierarchic cluster of the analyzed populations (Fig. 6 ). The Asian group is also separated into 5 sub-clusters based on their close geo-localizations, in agreement with previous data [11] . These are 1) the east coast of Russia, and just north of Japan In spite of the limited data available from ancient populations the tree corresponds well with other known genetic data, due to the reliability of relative SHD values as discussed above. This is best demonstrated by the Afanasevo Yamnaya affiliation, since just 5 Afanasevo and 15 Yamnaya mitogenomes were available, nevertheless the tree reflect their known close relations [14] . In general most ancient populations fall into expected branches, and are more similar to each other than to modern populations, as they contain mainly ancient Hg lineages, while most modern populations are full of terminal sub-groups due to recent population expansions. However, some modern populations are clustered together with archaic cultures, most notably Basques, Sardinians, Saami and Iberians, many of which had formerly been identified as "genetic outliers" carrying larger portion of ancient genetic elements [15, 16] . This sub-branch seems to support relations between Iberian Neolith, Bell Beaker, Corded Ware cultures and the modern Iberians, Basques and Sardinians as suggested before [17] .
Seemingly the tree shows only a few incorrect classifications, which can be explained by sampling bias, insufficient sample numbers from diverse populations. One example is Germans (Ger) which were ordered closer to Volga Tatars (Tat) than to their European neighbors (Fig. 3) , as presumably the 105 German samples do not properly represent this genetically diverse group.
In order to compare we also calculated the F ST population distance matrix (Supplementary Table 4 ) and performed the corresponding hierarchic clustering ( Supplementary Fig. 1 ) for the same populations (except Baltic Late Bronze Age (BalBA) for which fasta files were not yet available).
Comparing the hierarchic clusters of SHD and F ST data it is apparent that the major topology of the two clusters shows great extent of similarity. Besides the similarities there are also notable differences between the two clusters, for example SHD incorrectly distorts evolutionary distances, and curtails branch lengths between European and Asian groups. This is an expected consequence, since by definition the distance is 1 between any two populations with no shared mt Hgs regardless of the mutational distances. There are also notable differences in population groupings; one typical example is the classification of Polish people which are placed to a common sub-branch with Finnish by F ST , while SHD places them into a common sub-branch with all other Slavic populations (Russian, Serbian, Croatian, Czechs, Slovakian and Belarusian). The latter is a more realistic grouping, as according to historic and genetic data, the Polish people genetically belong to Slavs [18] . 
MITOMIX analysis of experimental data
Using our database we performed the MITOMIX analysis of 25 archaic Eurasian and 62 modern populations (Supplementary Table 5 ) without any preselection of potentially admixing partners.
MITOMIX generally indicated admixture between geographically neighboring populations which are frequently grouped together by the hierarchical clustering method using SHD. Geographical colocalization of the test populations with populations contributing to the hypothetical admixtures clearly indicates that local admixture has been a predominant process throughout human history. A good example for this are the Evenki -Even -Yakut -Yukhagir [19] [20] [21] or the Eskimo -ChukchiCommander Island admixtures [22] corroborating previous genetic data. The analysis of Commander
Island population also demonstrates that MITOMIX do not force distantly related populations into the best hypothetical admix which do not improve the fit of the model. In this case the best admix indicated 100% Eskimo population as the source, suggesting a genetic drift [23] .
In addition the MITOMIX algorithm also correctly identifies relations between populations that are classified into different sub-branches by the hierarchic clustering of SHD matrix. One good example is the Hungarian population, which is genetically very different from the surrounding Slavic groups and accordingly is clustered on different branches (Fig. 6) ; Italian-Sardinian [25, 26] or Italian-Armenian admixture components that had been detected previously at the genomic level as well [27] .
Our dataset contains SHD and MITOMIX data for all 87 populations (Supplementary Table 4 -5), but below we discuss in detail only the population genetic analysis of the modern Hungarians.
FST, SHD and MITOMIX analysis of modern Hungarians
The Table 6 ). Based on this data, we created the density plot of the estimated age of shared mt Hgs for the Hungarians (Hun), the best hypothetical admix (mixFreq) and the populations contributing to this admix (Fig. 7) . with only a few geographic or cultural isolates appearing to be genetic isolates as well [37] . On the other hand, studies of the Y chromosome [38, 39] and of autosomal diversity [40] revealed a general gradient of genetic similarity resulting from the complex admixture history of Eurasian populations [27, 41] .
Our novel algorithm (MITOMIX) enables a hypothesis independent search for the best linear admixture combination ( 1 , . . . , ) of populations in order to minimize the SHD value from a test population. Since MITOMIX is based only on the composition of the mt Hgs regardless of their origin and age, it can be applied to any populations including neighboring and distant (migrating) ones.
Concurring with the results of previous Y chromosome and genomic studies, MITOMIX analysis exposed a great extent of local and global admixtures. MITOMIX suggested the hypothetical composition(s) of the studied populations that provides insight into the subtle genetic connections, which alone cannot be studied by paired-distance measurements.
Fixation and spread of new Hg lineages takes considerable time and many generations. From the Hg frequency of available archaic and modern samples we demonstrated that in about ~8000 years the mtDNA phylogenetic tree has evolved just about 2 Hg sub-branches. Therefore at small to moderate time scales the mt tree evolution is insignificant, which is an ideal condition for applying the SHD calculation and MITOMIX methods. Besides, using an iterative method, we could successfully correct the mt Hg distribution shift of modern populations, resulting in a similar mt Hg distribution to that of their ancient ancestors (Fig. 2) . This correction also considers sequence evolution and extends the applicability of the method to a larger time window. As we have shown, analysis of modern and archaic populations with corrected mt Hg data gives concordant results with previous studies testifying the applicability of the method. In case representative mitogenome data will be available from a series of historical time periods, MITOMIX can potentially identify all traces and the extent of admixture and uncover even as complex ethnogenesis as that of the European populations. Recently, an increasing number of ancient mitogenome and genome sequences are being published as enrichment and NGS sequencing techniques are improving and becoming less expensive.
However sequencing full genomes from degraded ancient samples is still challenging and costly, while isolating and sequencing mitogenomes is far easier. Given sufficient amount of mtHg data MITOMIX offers an affordable substitute to whole genome analysis. We also argue that while genomic admixture analysis results in much more information per sample, it involves an increased risk of sampling bias in population analysis because usually just a handful of samples are used to represent a population. It is a matter of course that our approach can be also used to analyze other non-recombinant hypervariable haploid loci such as chloroplast DNA and Y chromosome haplogroups.
The resolution of our and any other population genetic method largely depends on database quality and quantity. With increasing number of (sub)population-specific mitogenomes, the resolution of our SHD-based approaches will provide even more accurate results, which will help resolve some of the potentially incorrect relations. To facilitate this process, we provide our Eurasian mtDNA database in Supplementary Table 1 , which surely necessitates further development. We encourage the mtDNA community to participate in the joint effort to create and publicly share a combined mitogenome database and also to undertake careful indication of the geographic and ethnic origin of all future sequences, independent of the original research objectives.
Conclusions
SHD is a population genetic distance that complies with all metric axioms, which allows global minimal distance optimization used in MITOMIX. In case of closely related and/or admixing populations, SHD gives more realistic results and provides better resolution than F ST . MITOMIX can potentially identify all traces and the extent of admixture, offering an affordable substitute to whole genome admixture analysis.
Our results suggest that the majority of modern Hungarian maternal lineages have Late Neolith/Bronze Age European origins, and a smaller fraction originates from surrounding populations while only a minor genetic contribution (<3%) was identified from the IX th Hungarian Conquerors. Our analysis shows that SHD and MITOMIX can augment previous methods by providing novel insights into past population processes.
Methods
mtDNA genotyping of modern Hungarian samples
We retrospectively analyzed 229 mitochondrial genomes (Illumina TruSight One) from our DNA bank and 43 previously published whole exome sequences [47] . The DNA samples were treated by the appropriate wet lab protocols recommended by the manufacturers. The trimmed, adapter removed paired-end reads (fastq) were mapped to the GRCh37 reference genome containing the rCRS (NC_012920) mtDNA reference sequence by the Burrows-Wheeler Aligner (version 0.7.9a-r786) [48] using the BWA MEM paired-end mapping algorithm. Duplicates were marked by the Picard tools (version 1.113) MarkDuplicates algorithm. The raw bam files were realigned and base quality recalibrated by Genom Analysis Tool Kit (GATK version: 3.3-0-g37228af) [49] . Individual sequences were compared to the rCRS (NC_012920) mtDNA reference sequence and classified into mitochondrial haplogroups by HaploFind [50] .
F ST calculation
We to VCF files. Since Arlequin cannot manage VCF files SNPs, deletions and insertions were recoded by the following rules: nt-s with no variation at the given position were coded as the reference nt.; SNPs with variation were coded as the alternate allele; all insertions were coded as additional nt. letters, C for samples with reference sequence and T for samples containing the insertion; all deletions were also coded as additional nt. letters, T for samples with reference sequence and C for samples containing the deletion. Then Arlequin input files (arp) were generated from the recoded DNA sequences.
Data visualization
The mt Hg age distribution of populations was visualized by violin plots using the ggplot2 (version 2.2.1) R (version 3.4.1) package [53] .
The population distance matrixes (Slatkin's linearized F ST [30] , and SHD) were clustered using hclust R (version 3.4.1) function with the ward.D2 linkage method [54, 55] . The hierarchic clusters were visualized by the ape R package (version 4.1) [56] .
